Introduction {#sec1}
============

Tantalum oxide (Ta~2~O~5~) is a wide bandgap semiconductor with high refractive indexes, low absorption, and large dielectric constants that has a variety of important applications, including catalysts,^[@ref1]^ gas sensors,^[@ref2]^ coating,^[@ref3]^ photographic glasses,^[@ref3],[@ref4]^ as well as storage capacitors.^[@ref5]−[@ref8]^ Ta~2~O~5~ nanomaterials, which have a larger surface area than their bulk counterparts, are good catalysts and catalytic supports.^[@ref9]−[@ref15]^ Particularly, Ta~2~O~5~ nanorods have potential for providing solutions to the current energy- and environment-related problems because these materials show excellent catalytic properties, including photocatalytic hydrogen production,^[@ref16]^ photodegradation of rhodamine B,^[@ref17]^ and methylene blue.^[@ref18]^

In order to develop structure--property relations and improve the catalytic performances, detailed surface structure information of oxide nanomaterials is required; however, much is still not well-understood. Conventional approaches such as X-ray diffraction (XRD) fail because long-range order is interrupted on the surface of oxide nanomaterials, and only short-range order is present. Despite the fact that surface sites can be observed directly, microscopy-based techniques can hardly provide local chemical and bonding information, and the volumes investigated by such methods may not be representative of the whole sample. Solid-state nuclear magnetic resonance (NMR) spectroscopy is a powerful method that provides rich information on the local structure of solids, and all the nuclei in the samples are studied; therefore, it provides complementary information to XRD and microscopy and should be ideal for investigating the surface structure of oxide nanostructures. Despite this, only a very limited number of studies have focused on investigations of nanomaterials with solid-state NMR spectroscopy,^[@ref19]−[@ref21]^ presumably due to the lack of an appropriate technique to select the surface of nanomaterials, which is often only a relatively small fraction of the whole sample.

For solid-state NMR spectroscopy of Ta~2~O~5~-based materials, both ^17^O and ^181^Ta nuclei can give NMR signals in principle. However, ^181^Ta is associated with one of the largest known quadrupole moments, leading to very broad linewidths, and very few papers have been published on ^181^Ta solid-state NMR spectroscopy.^[@ref22]^ To the best of our knowledge, no ^181^Ta solid-state NMR spectrum has been reported on Ta~2~O~5~. With a much smaller quadrupole moment, ^17^O should be the choice of the nucleus for the investigations of Ta~2~O~5~. Furthermore, ^17^O has a wide chemical shift range of more than 1000 ppm; thus it is a very sensitive structural probe for oxygen containing materials. The major challenge in the application of ^17^O NMR may be the very low natural abundance of ^17^O (0.037%); thus expensive isotopic labeling is often required. Nonetheless, ^17^O solid-state NMR should be able to provide a lot of information on the structure of Ta~2~O~5~ materials, and previous studies show that two environments corresponding to 2- and 3-coordinated O ions can be distinguished according to NMR shifts.^[@ref23]−[@ref28]^ However, to the best of our knowledge, ^17^O NMR has not been applied to study the structure of Ta~2~O~5~ nanomaterials.

Recently, our group developed a new approach to select the surface by uneven isotopic labeling and investigate oxide nanostructures including CeO~2~/TiO~2~ as examples.^[@ref29]−[@ref37]^ Oxygen ions at different facets or layers can be distinguished according to the ^17^O NMR parameters (mostly chemical shifts). Furthermore, detailed information on the surface reconstruction and presence of different types of defects can also be obtained. In this study, we apply ^17^O solid-state NMR spectroscopy to study the structure of Ta~2~O~5~ nanorods, with emphasis on the surface structure.

Results and Discussion {#sec2}
======================

The XRD pattern of the material calcined at 500 °C shows that all of the diffraction peaks can be indexed to the hexagonal phase Ta~2~O~5~ (JCPDS no. 19-1299), which is stable at a relatively low temperature ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref9]^ The absence of the peak at around 44.8°, which corresponds the (340) plane in the orthorhombic phase of Ta~2~O~5~ confirms that the sample is pure hexagonal Ta~2~O~5~. The color of the material is white, indicating that the oxygen vacancy concentration (if any) is low.^[@ref38]^ The high-resolution transmission electron microscope (HRTEM) images of the material show that the morphology can be described as bundles of nanorods ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The average diameter of the each individual nanorod is approximately 6--7 nm. The N~2~ adsorption/desorption isotherms and the pore size distribution of the sample are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d A relatively large surface area of 57.6 m^2^·g^--1^ is obtained from this data, which consistent with the small diameter of Ta~2~O~5~ nanorods, while the average pore size is determined as 7.5 nm.

![(a) XRD pattern of Ta~2~O~5~ nanorods calcined at 500 °C in comparison to the diffraction peaks of the hexagonal phase Ta~2~O~5~ (JCPDS no. 19-1299). (b) HRTEM images of Ta~2~O~5~ nanorods. (c) N~2~ adsorption/desorption isotherms and (d) pore size distribution curves of Ta~2~O~5~ nanorods calcined at 500 °C.](ao0c00874_0001){#fig1}

First, single-pulse ^17^O MAS NMR experiments were performed to study Ta~2~O~5~ nanorods. For NR-^17^O~2~-500, which was ^17^O-labeled with conventional high temperature enrichment with ^17^O~2~, two well-resolved resonances centered at around 466 and 311 ppm are observed and can be assigned to oxygen ions with different coordination numbers, OTa~2~ and OTa~3~, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), according to previous investigations on Ta~2~O~5~ materials.^[@ref23]−[@ref28]^ Because of the high enrichment temperature of 500 °C, the majority of the signals arise from the "bulk part" of the Ta~2~O~5~ nanorods.^[@ref29]−[@ref31],[@ref33]^ A very small peak at 378 ppm, owing to ^17^O in the zirconia rotor, can also be observed in this sample as well as other samples.

![^17^O MAS NMR spectra of Ta~2~O~5~ nanorods. Recycle delays were optimized according to the sample and the detailed experimental parameters are shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00874/suppl_file/ao0c00874_si_001.pdf). Spinning sidebands from the resonances at approx. 450 and 300 ppm are marked with "\*" and "\#", respectively.](ao0c00874_0002){#fig2}

The spectra obtained for Ta~2~O~5~ nanorods enriched with H~2~^17^O at lower temperatures show different features. A major resonance centered at 445 ppm and a much smaller resonance at approx. 297 ppm are observed for NR-H~2~^17^O-RT-5 along with several lower frequency peaks. A similar spectrum is observed for NR-H~2~^17^O-RT-30, while the centers of gravity of the high and medium frequency peaks move to a slightly higher shift at 450 and 300 ppm, respectively, and the latter has a higher relative intensity. Another lower resonance with a peak maximum at 175 ppm can also be observed. At a higher thermal treatment temperature, the ^17^O NMR spectrum of NR-H~2~^17^O-120-30 shows two resonances centered at 457 and 315 ppm, while the relative intensity of the peak at 315 ppm is a lot stronger than the two samples labeled with ^17^O at room temperature. At room temperature, ^17^O cannot diffuse into the "bulk part" of the nanorods; therefore, the peaks at 445--450 ppm observed for NR-H~2~^17^O-RT-5 and NR-H~2~^17^O-RT-30 should arise from surface OTa~2~ species, while the resonances at 297--300 ppm can be attributed to surface/subsurface OTa~3~ sites. This observation suggests that the isotopic exchange can occur rapidly between the surface oxygen ions of Ta~2~O~5~ nanorods and adsorbed water at room temperature, leading to selective observation of the surface species. The peak at 450 ppm in the spectrum of NR-H~2~^17^O-RT-30 has a much shorter longitudinal relaxation time compared to the signal at 466 ppm in the data of NR-^17^O~2~-500 ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00874/suppl_file/ao0c00874_si_001.pdf)), indicating that the surface species (OTa~2~) can be selected by using shorter recycle delays. Meanwhile, the much weaker relative intensity of the OTa~3~ peak indicates that the concentration of OTa~3~ is smaller at the surface and/or the reactivity of OTa~3~ groups with water is much lower at room temperature. Comparing the data obtained for NR-H~2~^17^O-RT-5 and NR-H~2~^17^O-RT-30, a shorter isotopic exchange time may result in even higher NMR observation selectivity for OTa~2~. There is a change of around 20 ppm to higher frequency (445--466 ppm) for the peak due to OTa~2~, from the sample labeled at room temperature (NR-H~2~^17^O-RT-5) to the sample enriched at 500 °C (NR-^17^O~2~-500). It implies that the surface OTa~2~ species may be associated with a slightly lower chemical shift compared to OTa~2~ in the bulk. The lower frequency peaks with maxima in the range of around 110--220 ppm are probably owing to surface hydroxyl sites and/or adsorbed water, according to the chemical shifts. Usually adsorbed water has a smaller chemical shift compared to hydroxyl species.^[@ref30],[@ref32]^ For NR-H~2~^17^O-120-30, the lower frequency peaks are weaker while the peak at 315 ppm increases in intensity compared to the samples enriched at room temperature, suggesting that hydroxyl species and/or adsorbed water may be removed at 120 °C, and/or they are converted to other species. However, these peaks are broad presumably because of large quadrupolar coupling constants of the OH environment, which is usually as large as 6--8 MHz.^[@ref29],[@ref30],[@ref39]−[@ref43]^ Therefore, these broad peaks may be hard to observe in a single pulse experiment due to the wavy baseline, and the overlapping with the spinning sidebands of the major resonance of OTa~2~ also makes such observations difficult.

^17^O spin echo MAS NMR experiments were performed for the samples enriched with H~2~^17^O in order to flatten the baseline of the spectra, assist the spectral assignments, and confirm the presence of the low frequency resonances ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). For NR-H~2~^17^O-RT-5, a large resonance at 445 ppm with a small peak at 300 ppm can be observed as in the single pulse NMR data. It is also clear that there are some resonances in the frequency range of approx. −150 to 250 ppm, although they still overlap with the spinning sidebands of the peaks because of OTa~2~ and OTa~3~. The spectrum obtained for NR-H~2~^17^O-RT-30 is very similar, and the peak for the surface OTa~2~ is observed at a slightly higher frequency of 452 ppm. In contrast, the intensity of the resonances in the lower frequency decreases significantly in NR-H~2~^17^O-120-30, which is consistent with the single pulse NMR data, indicating the concentrations of such species decrease at a high temperature of 120 °C. The ^17^O spin echo NMR spectrum of NR-H~2~^17^O-120-30 also exhibits a major resonance at 457 ppm and a peak at 315 ppm, and the fraction of the latter is higher compared to the two samples enriched at room temperature. These data confirm the small shifts to higher frequencies for the peaks at around 450 ppm when the enrichment temperatures are higher. Therefore, the surface OTa~2~ species should be associated with a smaller chemical shift compared to the bulk. In addition, only slightly more ^17^OTa~3~ species should be generated during the thermal treatment at 120 °C because oxygen diffusion in Ta~2~O~5~ should still be very limited at this relatively low temperature.

![^17^O spin echo MAS NMR spectra of Ta~2~O~5~ nanorods. Recycle delays: 1.0 s (NR-H~2~^17^O-120-30), 0.1 s (NR-H~2~^17^O-RT-5, NR-H~2~^17^O-RT-30); Spinning rate: 12 kHz (NR-H~2~^17^O-RT-5), 14 kHz (NR-H~2~^17^O-RT-30, NR-H~2~^17^O-120-30). Spinning sidebands from the resonances at approx. 450 and 300 ppm are marked with "\*" and "\#", respectively.](ao0c00874_0003){#fig3}

The nature of the low frequency peaks at −150 to 250 ppm is further investigated with ^17^O--^1^H rotational echo double resonance (REDOR) NMR spectroscopy,^[@ref44]^ which is a powerful technique to measure the heteronuclear dipolar coupling, a function of internuclear distance and in this case, ^17^O--^1^H. Compared to the "control" spectrum, the "double resonance" spectrum shows weaker spectral intensities for NR-H~2~^17^O-RT-5, reflecting the interference of ^17^O spin echo formation induced by nearby ^1^H ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The decrease in the intensities for the peaks due to OTa~2~ (445 ppm) and OTa~3~ (300 ppm), as shown in the "difference" spectrum, is only roughly 20%, implying these species are not very close to H. On the other hand, the resonances at −150 to 250 ppm are associated with a very large spectral intensity decrease in the "double resonance" spectrum. Considering there are still contributions from spinning sidebands for the signals in the "double resonance" experiment, a REDOR fraction of approx. 80% is estimated. According to the previous studies for a variety of materials, including acidic zeolites,^[@ref39]−[@ref41]^ layered double hydroxides,^[@ref43]^ as well as ceria and anatase titania nanomaterials,^[@ref29],[@ref30]^ such large REDOR effect with a small recoupling time of 0.167 ms suggests that the resonances in this region arise from oxygen with very short O--H distances, specifically, when O is directly bound to H. Therefore, the spectral assignment of the low frequency signals to surface hydroxyl species or water is confirmed.

![^17^O--^1^H REDOR NMR of Ta~2~O~5~ nanorods (NR-H~2~^17^O-RT-5). Recycle delay: 0.1 s; Spinning rate: 12 kHz; Dipolar recoupling time: 0.167 ms (two rotor periods). Spinning sidebands from the resonances at approx. 450 and 300 ppm are marked with "\*" and "\#", respectively. The shaded area represents the region for the hydroxyl species and/or adsorbed water.](ao0c00874_0004){#fig4}

Numerical line shape simulations were performed for the REDOR differences to further explore the hydroxyl and/or adsorbed water species. If a single species (e.g., one hydroxyl site) is considered ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), the simulated quadrupolar coupling constant, *C*~Q~, is 10.4 MHz, which is too big for any hydroxyl environment in inorganic materials ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00874/suppl_file/ao0c00874_si_001.pdf)).^[@ref42],[@ref45]^ Therefore, there are more than one OH species in the Ta~2~O~5~ nanorods. Two sites were considered, and a possible simulation is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. In such a case, the values of *C*~Q~s can be in the common range for hydroxyl species ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00874/suppl_file/ao0c00874_si_001.pdf)). The high chemical shifts (285 and 190 ppm) used in this simulation indicate that the two species are surface hydroxyl groups. However, significant spectral intensity comes from negative NMR shifts, implying there is water adsorbed on the surface.^[@ref30]^ This result shows that there should be different hydroxyl and adsorbed water species on the surface, which are associated with complicated local environments. However, further analysis is not attempted because of the relatively poor signal/noise ratios in the ^17^O--^1^H REDOR differences. Nonetheless, all the different oxygen containing species, including surface OTa~2~ and surface/subsurface OTa~3~ sites, as well as surface hydroxyl species and adsorbed water, can be investigated with ^17^O NMR spectroscopy.

![Simulation of the ^17^O NMR spectrum (red) considering a single site in comparison to the ^17^O--^1^H REDOR difference (blue) of NR-H~2~^17^O-RT-5. Simulated NMR parameters are shown in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00874/suppl_file/ao0c00874_si_001.pdf).](ao0c00874_0005){#fig5}

![Simulations of the ^17^O NMR spectrum considering two possible sites in comparison to the ^17^O--^1^H REDOR difference of NR-H~2~^17^O-RT-5. The simulations are shown at the bottom, and the sum of two simulations is shown in the middle (red) while the experimental data is on top (blue). Simulated NMR parameters are shown in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00874/suppl_file/ao0c00874_si_001.pdf).](ao0c00874_0006){#fig6}

![^1^H spin echo NMR spectra of Ta~2~O~5~ nanorods. Recycle delays: 2.0 s (NR-^17^O~2~-500, NR-H~2~^17^O-120-30), 0.2 s (NR-H~2~^17^O-RT-5); spinning rate: 14 kHz (NR-^17^O~2~-500, NR-H~2~^17^O-120-30), 12 kHz (NR-H~2~^17^O-RT-5).](ao0c00874_0007){#fig7}

Finally, ^1^H spin echo MAS NMR spectroscopy was used to investigate the surface hydroxyl species and adsorbed water ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). A relatively sharp resonance at 5.2 ppm with a broad shoulder at 7.4 ppm along with a sharp and intense peak at 1.9 ppm can be observed in the ^1^H NMR spectrum of NR-H~2~^17^O-RT-5. According to the chemical shift, the peak at 5.2 ppm can be ascribed to adsorbed water, while the resonances at 1.9 and 7.4 ppm can be assigned to the terminal and bridging hydroxyl species, respectively.^[@ref31],[@ref46]^ The peak at 5.2 ppm almost disappears in the spectrum of NR-H~2~^17^O-120-30, indicating that water is removed at a relatively high temperature of 120 °C. At the same time, a significant decrease in the spectral intensity can be observed for the signal at 1.9 ppm, while the intensity of the broad peak at 7.4 ppm does not change much. Combined with the ^17^O NMR observation that the spectral intensity of the peak due to OTa~3~ increases while the intensity of lower frequency resonances owing to hydroxyl species and/or adsorbed water decreases in NR-H~2~^17^O-120-30, it can be concluded that terminal hydroxyl species react with each other to generate more surface OTa~3~ groups, and the resulting water is removed under vacuum. For NR-^17^O~2~-500, the intensities of the peaks arising from both terminal and bridging hydroxyl species further decrease and become very weak. Considering the broad linewidth of the hydroxyl species, this result is consistent with the absence of such peaks in ^17^O single pulse NMR data for NR-^17^O~2~-500.

Conclusions {#sec3}
===========

For the first time, ^17^O solid-state NMR spectroscopy was applied to investigate the structure of Ta~2~O~5~ nanorods. Surface selective labeling of OTa~2~ sites can be achieved with the help of low-temperature enrichment with H~2~^17^O, allowing surface-only detection in ^17^O NMR spectroscopy. Surface hydroxyl species and adsorbed water can also be observed with ^17^O and ^1^H NMR, while their nature is confirmed with ^17^O--^1^H REDOR NMR data. Combined ^17^O and ^1^H NMR results show that terminal hydroxyl groups react with each other and generate OTa~3~ sites at elevated temperatures. These results will be helpful for investigating the functions of different oxygen ions of Ta~2~O~5~ nanorods in catalysis and related applications.

Materials and Methods {#sec4}
=====================

Material Preparation {#sec4.1}
--------------------

Ta~2~O~5~ nanorods were prepared according to the method reported previously.^[@ref11]^ In a typical synthesis procedure, 0.55 g Ta(C~2~H~5~O)~5~ was mixed with 4 mL of toluene in a 10 mL glass bottle. After that, the glass bottle was put into a Teflon-lined hydrothermal reaction vessel filled with 8 mL of water. Then, the vessel was heated to 220 °C for 20 h before it was allowed to cool down to room temperature. The resulting precipitates were centrifuged and washed with distilled water as well as ethanol for 3 times each. Finally, the powders were dehydrated at 60 °C for 24 h to obtain Ta~2~O~5~ nanorods.

^17^O Enrichment Procedures {#sec4.2}
---------------------------

In order to enrich Ta~2~O~5~ nanorods with ^17^O, Ta~2~O~5~ nanorods were enriched using similar methods followed in the literature.^[@ref29]−[@ref31]^ The as-prepared sample was first heated at a ramping rate of 5 °C·min^--1^ from room temperature to 500 °C for 3 h under vacuum before the sample was allowed to cool to room temperature. For the non-selective isotopic labeling involving ^17^O~2~, 90% ^17^O-enriched O~2~ gas was introduced to the samples via a vacuum line, and the mixture was heated at 500 °C for 12 h. The resulting ^17^O--Ta~2~O~5~ is denoted as NR-^17^O~2~-500. The nanorods were also enriched by using H~2~^17^O for surface-selective enrichment. After introducing 90% ^17^O-enriched water to the powders at room temperature, the mixtures were kept at room temperature for 5 and 30 min before they were exposed to vacuum to remove additional water. The resulting samples are denoted as NR-H~2~^17^O-RT-5 and NR-H~2~^17^O-RT-30, respectively. The mixture was also heated at 120 °C for 30 min before exposing to vacuum, and the sample is denoted as NR-H~2~^17^O-120-30.

Characterization {#sec4.3}
----------------

The XRD data was collected on a Shimadzu XRD-6000 diffractometer, using a Cu Kα source (λ = 1.54178 Å) operating at 40 kV and 40 mA, with a scanning rate of 4°·min^--1^ in the 2θ range from 20 to 80°. High-resolution transmission electron microscopy (HRTEM) images were obtained on a JEOL JEM-2100 instrument with an accelerating voltage of 200 kV. The Brunauer--Emmett--Teller specific surface area was measured by nitrogen adsorption at −196 °C using a Micromeritics Tristar 3020 apparatus. The pore size distribution was derived from the desorption branches of the isotherm with the Barrett--Joyner--Halenda method. Room temperature ^1^H and ^17^O MAS NMR experiments were performed on a 9.4 T Bruker Avance III spectrometer with a 4.0 mm MAS probe operating at 400.0 and 54.2 MHz, respectively. All the samples were packed inside the rotors in the N~2~ glove box and spun at a MAS rate of 12 kHz or 14 kHz. ^17^O single pulse NMR data were collected using a short π/18 pulse of 0.5 μs. ^17^O spin echo NMR spectra were acquired with a rotor-synchronized Hahn echo sequence (π/6-τ-π/3-τ-acq, τ = one rotor period) using a π/6 pulse of 1.4 μs. ^1^H and ^17^O chemical shifts were externally referenced to adamantane and H~2~O at 1.92 and 0.0 ppm, respectively. ^17^O NMR line shape simulations were performed with the Wsolids package developed by Dr. K. Eichele.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00874](https://pubs.acs.org/doi/10.1021/acsomega.0c00874?goto=supporting-info).Relaxation NMR data and NMR parameters for acquiring and simulating the spectra ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00874/suppl_file/ao0c00874_si_001.pdf))
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